Abstract As a part of a larger study of normal aging and Alzheimer's disease (AD), which included patients with mild cognitive impairment (MCI), we investigated the response to median nerve stimulation in primary and secondary somatosensory areas. We hypothesized that the somatosensory response would be relatively spared given the reported late involvement of sensory areas in the progression of AD. We applied brief pulses of electric current to left and right median nerves to test the somatosensory response in normal elderly (NE), MCI, and AD. MEG responses were measured and were analyzed with a semi-automated source localization algorithm to characterize source locations and timecourses. We found an overall difference in the amplitude of the response of the primary somatosensory source (SI) based on diagnosis. Across the first three peaks of the SI response, the MCI patients exhibited a larger amplitude response than the NE and AD groups (P \ 0.03). Additional relationships between neuropsychological measures and SI amplitude were also determined. There was no significant difference in amplitude for the contralateral secondary somatosensory source across diagnostic category. These results suggest that somatosensory cortex is affected early in the progression of AD and may have some consequence on behavioral and functional measures.
Introduction
The prevalence of Alzheimer's Disease (AD) is expected to increase as the US population ages (Brumback and Leech 1994) . Therefore, it is important to better understand how this disease affects the brain and its functions, in addition to looking for early markers for this disorder. If AD is identified early, then one can improve the quality of life for these individuals as well as potentially decrease the longterm healthcare costs. Markers of brain abnormality that correlate with functional decline also provide opportunities to test pharmacological agents that may more precisely target brain dysfunction.
A few studies have used EEG to look for differences in the somatosensory response to median nerve stimulation in patients with AD relative to normal elderly (NE) controls (Abbruzzese et al. 1984 ). These results have consistently shown no difference in the median nerve response between NE and patients with AD until late in the course of the disease. However, in an animal model of AD, Suva et al. (1999) found differences present in primary somatosensory cortex at mild to moderate stages of the disease model and found the presence of plaques in the somatosensory cortex at the same time plaques became visible in association cortices. Only hippocampi were affected earlier than the other cortical areas tested. This suggests that while sensory functions appear to remain intact longer than higher cognitive abilities, such as memory, they may still play a role in declining function.
Based on previous literature, we hypothesized that primary somatosensory cortex would be relatively spared in mild cognitive impairment (MCI) and AD (Geula and Mesulam 1996; Teipel et al. 2007 ), but that secondary somatosensory cortices (SII) may be affected since association cortices have been reported to be affected earlier than primary sensory areas (Uylings and de Brabander 2002; Teipel et al. 2007 ). Since AD patients show a decline in functional abilities and white matter tract integrity (Teipel et al. 2007) , we expected patients with AD to reveal reduced amplitude(s) and/or delayed responses in SII cortex. We tested these hypotheses by performing a standard median nerve task and measuring the responses using magnetoencephalography.
Materials and methods

Patient consents
The Human Research Review Committee at the University of New Mexico and the New Mexico VA Research and Development Committee approved the research; and written informed consent was obtained from all participants.
Participants
Sixteen healthy NE (6 females), four MCI and five patients with probable AD (one female) were recruited from the Albuquerque area to participate in the MEG study. Participants ranged in age from 63 to 83 years with a mean age of 74 years. Potential participants were excluded if they were diagnosed with chronic neurological disorders, such as epilepsy, Parkinson's disease, focal neurological deficits, head trauma with persistent neurologic abnormalities, or other severe medical illnesses that would prevent cooperation with the study protocol. Participants were excluded if they met criteria for major depression or any other major DSM-IV axis I disorder, including alcohol/ substance abuse. Healthy normal participants underwent a neurological exam performed by a Board Certified Neurologist with expertise in geriatric and behavioral neurology (J. Adair or J. Knoefel). This exam was used to confirm the self-reported normal status of the participants. Some potential participants were not studied based on the initial exam or due to metal artifact noted when placed under the MEG helmet due to excessive dental work. These individuals are not included in the reported participant numbers.
The patients with MCI and AD were recruited through cognitive disorders clinics at the Albuquerque VA Medical Center and the University of New Mexico Health Sciences Center. Complete medical and neurological histories were obtained and complete physical examinations were conducted, similar to the normal controls. All participants underwent a standard battery of psychometric tests including an indicator of global cognitive ability (Mini Mental State Exam, MMSE), as well as specific assessments of simple attention, verbal learning, executive function, and confrontation naming. Affective symptoms were evaluated with the Geriatric Depression Scale. Functional status was measured with the Functional Activities Questionnaire completed by a knowledgeable informant who accompanied the patient to clinic. All patients underwent a set of additional studies, including brain magnetic resonance imaging or computed tomography scans and laboratory tests, to exclude other etiologies of cognitive dysfunction.
Individuals were diagnosed as amnestic MCI based on criteria modified from Petersen et al. (2001) as follows. First, patients demonstrated normal general cognitive function, indicated by age-and education-adjusted MMSE scores above the 25th percentile. Second, patients were not demented as defined in DSM-IV; cognitive impairment was not severe enough to impede routine activities of daily living. Third, patients demonstrated abnormal performance at least 1.5 SD below age-referenced means on the Hopkins Verbal Learning Test 3-trial immediate recall or percent delayed recall, and scores within 1 SD of norms on other tests. Patients were diagnosed with AD based on meeting DSM-IV criteria for dementia and NINCDS-ADRDA criteria for probable diagnosis. The modified Hachinski Ischemic Scale scores included patients indicating a low or indeterminate likelihood of vascular injury (\7). Similar to the healthy controls, exclusion criteria consisted of additional chronic neurological conditions or if the neurological examination at the initial evaluation suggested such conditions. Finally, patients were excluded if they met criteria for major depression or any other major psychiatric disorder or alcohol/substance abuse within 2 years prior to evaluation.
All Participants also underwent standard neuropsychological (NP) and IQ testing to assess cognitive abilities within individuals and between diagnostic groups. A subset of these tests deemed to have a somatomotor component to them was correlated with the MEG results (WAIS-R Block Design, WAIS-R Digit Symbol, Rey Complex Figure Data acquisition MEG data were acquired using a whole-head 275-channel CTF biomagnetometer located within a 2-layer magnetically shielded room (Vacuumschmelze, GmbH & Co. KG, Nanau, Germany). Anatomical MRIs were acquired on a 1.5-T Siemens Sonata MR scanner at the Mind Research Network. Standard T1-weighted MPRAGE (1.5 mm slices) and T2-weighted Turbo Spin Echo (1.8 mm slices) sequences were acquired. A board certified neuroradiologist read the MRIs and those with abnormalities were reported to the participant's physician. Patients with gross MRI abnormalities were excluded from the study. For MEG data collection, three coils were attached to the participant's head; position of the coils and head shape was obtained with a Polhemus head position device. Prior to data collection, the coils were activated to determine the participant's head position within the MEG helmet. This allowed for co-registration of the MEG data with the anatomical MRIs using automatic transformations available in MRIVIEW (Ranken and George 1993) .
The left and right median nerves were stimulated randomly (1 s inter-stimulus interval) using two surface electrodes placed on each inner wrist. A 0.3-ms current pulse was applied using a Grass Constant Current Stimulator. The electrodes and voltage were adjusted until a thumb twitch was obtained in each hand. If the maximum voltage was reached without a thumb twitch, a justdetectable threshold value was determined and the voltage was set at twice the threshold value. Participants were instructed to relax but not to fall asleep. MEG data were digitized at 2.4 kHz with anti-aliasing filters applied. Continuous recordings were made and saved for off-line processing. The data were preprocessed using CTF software and digital filters were applied (1.5-100 Hz bandpass and 58-62 Hz notch filter to eliminate power line noise). The data were then epoched (-0.1 to 0.4 s) relative to the markers for left and right stimulation conditions. Epochs with eye blinks and large amplitude noise were eliminated prior to averaging. MEGAN (an MEG ANalysis tool developed by E. Best at Los Alamos National Laboratory) was used to remove baseline noise (estimated from the -100 to -5 ms pre-stimulus), DC shifts identified in the baseline, and channels with flux jumps or large amplitude non-physiological responses.
Dipole modeling
As mentioned above, MRIVIEW (Ranken and George, 1993; Ranken et al., 2002 ) was used to co-register the MRI and the MEG data. Then, the cortical surface was identified and labeled using the automated segmentation tool in order to estimate the multiple best fitting spheres for the modeling procedure (Huang et al. 1998) . A sparse sampling of the brain volume provided the set of random starting locations for the source localization algorithm described below.
As described previously (Ranken et al. 2002; Stephen et al. 2003a, b) and similar to Huang et al. (1998) and Aine et al. (2000 Aine et al. ( , 2003 Aine et al. ( , 2005 , a calibrated-start spatio-temporal multi-dipole modeling technique was used to determine the sources and source timecourses of the MEG activity. Once a best model was obtained for each participant, the individual source timecourses were characterized. Three intervals were identified for SI and SII with the intervals corresponding to the initial peaks seen in the individual timecourses across participants: SI: (1) 22-28 ms; (2) 28-32 ms; (3) 39-46 ms (see Fig. 2 ); SII: (1) 20-40 ms; (2) 40-60 ms; (3) 60-100 ms. Within each interval, the maximum amplitude was determined for each individual using an automated Matlab routine. The peak amplitudes and latencies were then compiled across participants. The data were tested for outliers to eliminate the possibility that the results could be skewed by individual results.
Statistical analyses
We began with a fully saturated model with all interactions and eliminated all insignificant higher-order interactions using PROC GLM in SAS. We conducted analysis of variance (ANOVA) on maximum amplitudes and latencies identified in the intervals described above. Interval and diagnosis were factors. Side of stimulation and gender were eliminated from the model due to lack of significance (side) and small n (gender). The significance from the level three sums of squares is reported, which accounts for multiple comparisons within a GLM model. Post hoc comparisons were performed using the Tukey Least Significant Difference t test to isolate interaction effects.
Results
We obtained good somatosensory responses from 25 participants from both left and right median nerve stimulation.
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Demographic information for the different participant categories is shown in Table 1 . There were no significant differences between the NE males and females in general demographics (age, years of education) and their test scores differed on only one of the NP measures (Rey complex figure-copy raw-t test F \ M t = -2.2, P \ 0.05). Because MCI and AD patients were recruited through the Albuquerque VA Medical Center, we had a gender imbalance in the study with only one female AD patient.
For this reason and due to the reported gender differences described below, analyses based on diagnosis focused on the male individuals. With a one-way ANOVA, the males were compared across diagnostic category (NE, MCI, and AD). Again, there were no significant differences in general demographics (age, years of education) across diagnosis. As expected, there was a significant difference in MMSE score (NE [ MCI [ AD, F = 27.4, df(2,15), P \ 0.0001). Additional significant differences were noted in three of the NP measures (RCF-copy raw, F = 5.7, df(2,15), P = 0.014 post hoc showed NE [ AD; Trails A time, F = 7.5, df(2,15), P = 0.0055, post hoc showed AD [ NE and AD [ MCI; Trails B time, F = 4.3, df(2,15), P = 0.034, post hoc showed AD [ NE). Example MEG waveforms are shown in Fig. 1 . The individual waveforms are representative of the pattern identified in the source timecourses with a decreased response in interval 2, immediately following the initial peak in the NE males compared to NE females as well as larger amplitude overall in the MCI individual.
From the source modeling, we obtained source activations in primary somatosensory cortex (SI), contralateral and ipsilateral secondary somatosensory cortex (cSII and iSII) as well as posterior parietal and cingulate cortex. Since contralateral SI and SII were the most reliably identified sources, they are the focus of this report. Example source locations for cSI and cSII are shown in Fig. 2a . Timecourses for cSI and cSII were averaged across participants within each diagnostic group for visualization purposes. As described in the methods, the statistical analyses were performed on the individual participant peak amplitude and latency results. Averaged SI timecourses are shown in Fig. 2b for males versus females. Consistent with our previously reported results (Stephen et al. 2006 ), we identified a lower amplitude for peak 2 in NE male compared to NE female participants [F = 5.0, df(1,29), P = 0.03]. No significant gender differences for latency within intervals were found. By comparing the male participants by diagnosis (Fig. 2c) , we found a significant difference in amplitude across the three intervals, which included peaks 1-3 [F = 3.7, df(2,94), P \ 0.03]. Post hoc tests showed that across time the amplitudes were significantly greater for the MCI male participants compared to both NE and AD male participants. There was no significant interaction effect, despite the apparent change in pattern across intervals 1-3. In addition, no significant difference in latency within intervals was found across diagnostic categories. Analysis of the cSII timecourses revealed no significant differences in amplitude or latency across diagnostic categories (Fig. 2d) .
The individual NP measures were introduced to the model as covariates to determine their affect on the cSI amplitude by diagnosis result. This limited the analysis to individuals with NP measures (partial NPs in 24/25 participants, complete NPs 21/25). The larger amplitude cSI response in MCI individuals remained significant within the smaller sample (F = 5.5, df(2,77), P \ 0.005). Two covariates showed significant effects: Block Design and Trails B time (see Table 2 -bolded values). Since only two covariates had an effect, this suggests that diagnosis alone is a better predictor of cSI amplitude than any individual NP measure. In addition, the difference between the cSI amplitudes for MCI and AD was increased when time of Trails B was included as a covariate (implying that amplitude increased with increasing time). In addition, the difference between MCI and NE cSI amplitudes decreased when Block Design was included as a covariate (implying that amplitude decreased as block design score increased). These results are consistent with an overall pattern that larger amplitude responses corresponded with poorer performance on NP measures. 
Discussion
The primary result of this study was that the amplitude of cSI across the first three peaks was significantly larger for male individuals diagnosed as MCI compared to NE and AD male participants. In addition, larger amplitudes in cSI across participants corresponded with poorer performance on two of the NP measures tested. These results show involvement of the SI cortex in patients with MCI, which is considered a precursor to AD in some individuals, and thus provides a potential early marker for cortical involvement in MCI.
The current results replicate our previous results in the NE (Stephen et al. 2006 ) which used a Neuromag 122-channel planar gradiometer MEG system compared to the CTF axial gradiometer system used in the current study. The replication across MEG systems is consistent with our preliminary study by Weisend et al. (2007) showing essentially identical results within participants across three commercially available MEG systems. Since the current study recruited a different group of NE individuals from the previous normal aging study (three individuals were tested using both MEG systems), this provides additional evidence supporting a gender difference in SI timecourses, Fig. 1 Example waveforms. The waveform responses to left median nerve stimulation are shown for three individuals. All channels from the 275-channel array system are plotted on one axis to reveal the timing and amplitudes associated with the responses. A clear M20 is visible in all three participants as is expected from median nerve stimulation. a A sample waveform for a NE female participant. b A sample waveform from a NE male participant. c A sample waveform from a male MCI participant. Notice the larger amplitude response. These waveforms are consistent with the results seen across participant groups in the SI timecourses shown in Fig. 2 suggesting that gender should be accounted for when evaluating sensory responses in the elderly.
The staging of AD presented by Braak and Braak (1991) , based on neuropathology identified in 83 brains, showed involvement of sensorimotor cortex only at the latest stages of the disease based on postmortem anatomical criteria. Sensory areas were not shown to be involved until Stage VI. However, initial involvement of subcortical structures was identified as early as stage IV, at a time when cortical structures were only mildly affected. While The right source (green) denotes cSII cortex activation in a NE participant. All MEG source analysis results were projected onto the individual's MRI to confirm source location prior to averaging the source timecourses across participants. b The averaged cSI timecourses in NE participants. For each individual the peak amplitude was obtained from the individual timecourses within the three intervals (see dotted lines). These peak amplitudes were used for statistical comparisons across gender and diagnostic category. The peak amplitude across participants within interval 2 was significantly different (see text). c The averaged cSI timecourses for all male participants including NE (blue), MCI (red) and AD (green). d Averaged cSII timecourses for all male participants comparing NE (blue), MCI (red), and AD (green). No clear difference was identified in the intervals tested. The variance increased across time making any apparent differences later in time, not significant they suggested that the limbic stages (I-IV) should correspond to the pre-clinical stages of AD or potentially to MCI stages, and they specifically stated that they did not intend to link their stages of AD progression with the progression of clinical stages. Despite continued work in both arenas, the correspondence between neuropathological staging and clinical staging in AD is not yet well established. Based on the results identified in the current study, we consider the link between the clinical diagnosis at the MCI stage to correspond potentially with stages IV-VI of Braaks' neuropathological staging. We expect that the amplitude differences identified in cSI would primarily be associated with cortical changes in SI, which would suggest Stage VI involvement; however, involvement of subcortical structures could also result in changes of cSI amplitudes and/or latencies, which would suggest a stage IV correspondence. If the cSI amplitude differences were related to subcortical changes, then it would help explain why cSII measures did not show group differences. Recent studies have begun to suggest that sensorimotor dysfunction occurs earlier than previously thought in the progression of AD. Suva et al. (1999) found senile plaques in sensorimotor areas as soon as they were identified in other cortical association areas, with only hippocampus showing isolated plaques initially. Consistent with this finding, Ortiz Alonso et al. (2000) identified sensorimotor deficits in patients with AD (MMSE \ 24). Ugawa et al. (1987) also identified patients with mild AD who had myoclonus, again suggesting abnormal motor processing at a much earlier stage than previously thought. At the same time, Abbruzzese et al. (1984) reported that patients with AD had preserved SEP responses to median nerve stimulation relative to NE. This is consistent with our results of no difference between NE and AD. However, the results of the abnormal responses in MCI suggest a different process may be at play in the early stages of the disease. Similar results were found by Golob et al. (2007) in an auditory P300 paradigm with increased amplitude of the P50 peak in patients with MCI. The MCI patients who later converted to probable AD had larger amplitude P50s than those with a stable MCI diagnosis. Our recent study (Aine et al. 2010) also noted larger amplitude responses in the anterior temporal region during an auditory verbal memory task in the MCI/AD group compared to NE. Motor results from Di Lazzaro et al. (2004) suggest that hyperexcitability in motor cortex of patients with AD is related to abnormal excitatory responses rather than decreased inhibition, commonly reported in NE, which may be one of the mechanisms that leads to abnormal responses in MCI individuals. Papaliagkas et al. (2008) performed a large auditory ERP study of MCI patients and identified greater amplitude P200 responses and no latency changes in the early components compared to normal participants. This suggests a consistent amplitude effect across basic sensory areas underlining the likelihood that much of cortex is involved by the time behavioral measures detect MCI. Given the reduced variability in brain responses across individuals in sensory tasks compared to cognitive tasks (Ojemann et al. 1989 and Aine et al. 2010) , the reported early changes in cSI may provide a sensitive marker for cognitive decline.
There were no significant differences in timing across diagnostic groups. This is consistent with Teipel et al. (2007) where no differences were found in somatosensory white matter tracts; it is generally assumed that white matter tract integrity correlates with timing. This result is also consistent with the overall framework presented by Bartzokis (2004) suggesting a staged involvement of white matter tracts in AD. In the Bartzokis model, somatosensory white matter tracts would be one of the last sites to be affected since primary/secondary somatosensory cortices are one of the first to myelinate and the last to reveal myelin breakdown across the lifespan. These studies are consistent with the notion that amplitude/latency changes in association areas and consequent cognitive deficits should be witnessed first, followed by amplitude/latency changes in primary/secondary sensory areas which is also concordant with the Braak and Braak staging of AD (Braak and Braak 1991) .
In addition to the Bartzokis model, which focused on white matter, Delbeuck et al. (2007) hypothesized that AD is in part related to a disconnection syndrome where lack of communication between critical cortical areas leads to cognitive impairment. Disconnection has been evidenced by reduced coherence using ERPs (Leuchter et al. 1992 and others) and reduced multisensory integration using behavioral tests (Golob et al. 2001) . While Delbeuck and colleagues identified equivalent responses in unisensory and congruent auditory/visual tasks across patients with AD and normal controls, patients with AD did not fuse the incongruent auditory/visual presentation of syllables as frequently as normal controls, suggesting a higher-order deficit. The similarity of our latency results across diagnostic categories for secondary somatosensory cortex, along with evidence of early amplitude changes in primary somatosensory cortex, may appear to refute the disconnection hypothesis discussed by Delbeuck and others (e.g. Lakmache et al. 1998 , Tomimoto et al. 2004 , Wiltshire et al. 2005 . However, given the staged development and regression of white matter tracts proposed by Bartzokis, we feel that our results do not confirm or refute the general disconnection hypothesis, but may reflect a change in cSI that occurs at an earlier stage than an association area disconnection, as proposed by Delbeuck et al. (2007) . Alternatively, the disconnection results identified by Delbueck and others may be related to a more subtle change since the congruent multisensory condition was not different between groups, only the incongruent condition differed. Basic somatosensory processing as seen in cortical cSII area may also be a robust response that does not differentiate between groups until later stages in the progression of the disease.
In conclusion, the larger amplitude cSI response in MCI patients relative to NE and AD suggests a possible early marker for abnormal brain function leading to AD. Increased amplitude measures seen across groups also corresponded with poorer performance on some NP tests with a sensorimotor component. Follow-up longitudinal measures are needed to confirm that MCI patients revealing larger amplitude cSI responses are the same individuals who convert from MCI to AD. Finally, the current study does not provide information about the specificity of these measures for distinguishing various types of dementia. Follow-up studies focusing on the specificity of the measures (e.g., do patients with probable AD reveal larger amplitude responses than patients diagnosed with vascular dementia?) will provide important information about the feasibility of using this potential marker as a tool for differential diagnosis.
